We report a wide-field f luorescence lifetime imaging microscope based on a low-repetition-rate (3.7-MHz) passively mode-locked diode-pumped laser source. This inexpensive and compact laser source operating in the visible and UV range can excite a wide range of f luorophores of biological interest. We demonstrate that the power of this laser source is highly sufficient for studying biological systems with low quantum yields (autof luorescence of tissues and stained living cells). The maximum measurable lifetime is also strongly increased with this laser source, as f luorescence intensity measurement can occur 250 ns after the excitation pulse.
Fluorescence lifetime is a powerful spectroscopic tool, as it is not only sensitive to the type of f luorophore but also depends on its local environment [e.g., ion concentrations, polarity, pH (Ref. 1) ]. Independent of f luorophore concentration, f luorescence lifetime measurements are thus a robust approach to extracting probes with a low f luorescence quantum yield and, in addition, can be used to distinguish f luorophores with overlapping emission spectra. Fluorescence lifetime imaging (FLIM) provides maps of the spatial distribution of the f luorescence lifetime, adding a powerful functional imaging approach for biomedical investigations. FLIM has been demonstrated both in the frequency domain by use of modulated cw lasers and in the time domain by use of ultrashort pulsed lasers. Although the frequency domain is more commonly used because it appears more straightforward and cheaper 2, 3 to implement for monoexponential decay with nanosecond decay time, the time domain is much more suitable for extracting multiexponential decay and reaching picosecond resolution. Recent advances in ultrafast gated optical intensifiers and in ultrafast laser sources have opened up new opportunities for time-resolved f luorescence microscopy. In the time domain the maximum measurable lifetime depends strongly on the repetition rate of the laser system. To perform a proper analysis of the f luorescence decay, it is strongly recommended that the biological system be allowed to relax during at least three times the f luorescence lifetime before sending a new pulse. As most setups are based on commercial Ti:sapphire (ϳ80 MHz), they are limited to a lifetime of less than 4 ns, and the longest lifetime can be measured only by use of a pulse picker or a cavity dumper, thus adding extra cost and complexity. A pulsed diode was recently proposed 4 as an alternative to this approach, but it offers a much lower excitation power and could present a postpulse that is not suitable for FLIM measurement. In this Letter we present a time-domain FLIM microscope based on a home-built diode-pumped picosecond laser source working at 3.7 MHz that allows one to strongly increase the range of measurable lifetimes to 80 ns. By frequency doubling and tripling the laser, excitation at either 355 or 532 nm can be easily produced with an average power of several tens of milliwatts. These two excitation wavelengths allow us to cover a wide range of intrinsic f luorophores and commonly used biological f luorescent probes, with an incident power far above the value typically used (1 mW).
A complete description of the laser source principle can be found elsewhere. 5 For mode-locked lasers, the pulse repetition frequency is directly proportional to the inverse of the cavity length: PRF c͞2L, where c is the speed of light and L is the optical length of the laser resonator. Therefore the designed cavity here is 40 m long to yield a 3.7-MHz repetition rate (a longer cavity could easily be made with the same design 5 ). This length is obtained by use of an intracavity multipass cell that allows the laser beam to bounce ϳ40 times between two sets of highly ref lective mirrors. To compensate for the losses introduced by these multiple ref lections, we used a Nd:YVO 4 crystal, known for its high gain, as the gain medium. The 0.1% Nd-doped crystal is 0.5 mm long and pumped by a 15-W f iber-coupled laser diode emitting near 808 nm. Passive mode locking is achieved with a semiconductor saturable absorber. With this setup, 16-ps-long pulses are produced in a diffraction-limited beam, and the average output power is ϳ1 W at 1064 nm. Second-or third-harmonic generation can then be performed in KTP and b-barium borate crystals, respectively, leading to several tens of milliwatts at 532 or 355 nm for direct excitation of the sample. Epif luorescence imaging was carried out at room temperature with a home-built inverted microscope (Fig. 1) . To excite the sample with Kohler illumination, the laser beam is first expanded and collimated, then focused onto the back focal plane of the objective [Apochromat, Zeiss, 633, numerical aperture (NA) of 1.4, oil immersion]. Wide-f ield f luorescence images (100 mm 3 120 mm) are acquired at very low excitation light levels (less than 1 mW). The f luorescence collected by the microscope objective is separated from Fig. 2(b) ] allows us to identify the different structures inside a thin section of tissue, and we can thus clearly see that the nucleus presents a lower f luorescence intensity. The corresponding FLIM map [ Fig. 2(c) ] exhibits a complementary contrast with a short lifetime (300-950 ps). The urothelial cell was excited at 532 nm, and the f luorescence was spectrally f iltered (550-nm peak wavelength, 50-nm width) to remove the strong f luorescence from the background. On the f luorescence intensity image [ Fig. 2(e) ] we can clearly distinguish the nucleus that presents a lower intensity. This difference of intensity is due only to a difference in the concentrations of the f luorophores as in the FLIM image [ Fig. 2(f ) ]; the whole cell presents a homogeneous lifetime with an average value of 2.9 ns (0.16-ns standard deviation). These results demonstrate that the laser is thus highly suitable for taking advantage of autof luorescence of biological samples but can also be used to excite a wide range of dyes or probes that absorb in the UV-visible range. The second main advance offered by the new laser source for FLIM is the optimal delay between two excitation pulses, which allows one to properly measure lifetime. FLIM maps of stained living cells were obtained by use of the doubled frequency of the laser source (532 nm). HeLa cells grown on glass coverslips were incubated with 12 mg͞ml of ethidium bromide in a growth medium for 30 min at 37 ± C. Ethidium bromide is a well-known DNA-specif ic f luorochrome that presents a short lifetime in its free state (1.8 ns) and should exhibit strong f luorescence enhancement and a longer lifetime (22 ns) when intercalated in the nucleus of living cells. 6, 7 Figure 3(a) shows a typical result with f luorescence intensity images of three cells, where a strong f luorescence due to ethidium -DNA binding is observed inside the cells as expected. To calculate the FLIM map, 23 time-gated f luorescence intensity images were recorded up to 120 ns after the excitation pulse. Three time-gated intensity images taken along the f luorescence decay are shown in Figs. 3(d), 3(e) , and 3(f ) and correspond to time delays after excitation pulses of 300 ps, 45 ns, and 80 ns. The corresponding FLIM map [ Fig. 3(c) ] process with a single exponential model clearly exhibits good uniformity with a mean lifetime of 14.7 ns. On a f luorescence decay extracted from one pixel inside a cell, we performed a f itting routine with a single and double exponential decay (Fig. 4) . The plots conf irm that the single exponential model is a quick way to obtain a FLIM map exhibiting a mean value for the lifetime, but the fitting failed for the first data points and tends to overestimate the last ones. A double exponential model is thus more appropriate in this case (reduction of the chi square by a factor of 7), and we clearly see the presence of two states of the ethidium: a free state with t 1 1.8 ns and a weight of 30.8% and an intercalated state with t 2 22 ns and a weight of 69.2% of the f luorescence. We also point out the benefit of the later f luorescence measurements obtained in this case 120 ns after the excitation pulse, which leads to a more stable fit and avoids a shorter and noisier FLIM map.
In summary, we have combined a new passively mode-locked diode-pumped laser source with a wide-field microscope. We have demonstrated high suitability of this setup for biological investigations and especially for lifetime imaging, as the low repetition rate of the laser source allowed us to properly analyze the f luorescence decay. We note that this new approach should also be invaluable for several biological imaging approaches such as f luorescence anisotropy imaging of samples with a long rotational correlation time 7, 8 or time-gated imaging based on tagging with quantum dots, in which the long lifetime of the quantum dot can be used to enhance the contrast.
